Abstract
Introduction
Terrestrial ecosystems in the Arctic play an important role in the global carbon cycle, because they contain at least one-third of the global terrestrial carbon, whilst covering 25% of the global land area (McGuire et al., 2009; Tarnocai et al., 2009 ). This region is predicted to undergo considerable future climate change, which might alter the net carbon exchange between the land and the atmosphere (IPCC, 2007; Qian et al., 2010) .
To make predictions about the future net carbon exchange, it is necessary, however, to assess the present-day fluxes in terms of their controlling mechanisms. Successful modeling of net ecosystem carbon dioxide exchange in the Arctic relies on good estimates of the two major fluxes: carbon assimilation and ecosystem respiration. One challenge for modeling the carbon exchange on a regional scale is that the arctic landscape is a patchwork of differing plant species compositions, microtopography, water-table depth, and soil properties (Bliss and Matveyeva, 1992) . Within the global network of micrometeorological flux measurements (FLUXNET), numerous ecosystem studies have been conducted in the boreal and temperate regions (Baldocchi et al., 2001) , whereas detailed information about the dominant processes in the arctic region is comparably scarce.
Still, a number of models have been applied on a plot, landscape, or even regional scale to simulate the present-day carbon exchange in the Arctic. They vary in complexity, ranging from empirical models describing responses to environmental factors (e.g. Williams et al., 2006) to complex mechanistic or processbased models (e.g. Ecosys; Grant et al., 2003) (Fig. 1) .
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to scale carbon exchange from plot to landscape scale (e.g., Fox et al., 2008; Vourlitis et al., 2000) , or for the interannual or regional comparison of the exchange (e.g., Lafleur and Humphreys, 2008; Laurila et al., 2001 ). These regression-based models can be expanded to a regional scale through the use of multiple observations. Using such an empirical regression-based model, Zamolodchikov and Karelin (2001) simulated the carbon fluxes for the whole Russian tundra by evaluating the relation of the gross primary production to light, temperature, and seasonal phytomass dynamics. Requiring seasonal recalibration, empirical models provide useful information for regional or interannual comparison and the productivity of specific species. However, they are not intended for evaluating future responses of carbon budgets to changing climates, because the temperature response of photosynthesis is not taken into account.
The mechanistic and process-based models, on the other hand, include the temperature dependence of the processes involved, and are therefore suited to predicting future carbon exchange. These models attempt to represent specific interacting ecological process dynamics using a more detailed set of environmental and physiological parameters.
A mechanistic model developed by Farquhar et al. (1980) and further elaborated by Collatz et al. (1991) simulates the gas exchange of a canopy in free air using the big-leaf approach. This model, hereafter called the Collatz model, couples the modeling of net photosynthesis from environmental and leaf physiological parameters with a stomatal conductance model.
When extrapolating canopy models to landscape levels, a detailed knowledge of soil properties and hydrological conditions is required. This was demonstrated by models such as the soil-plantatmosphere (SPA) continuum (Williams et al., 1996 ; Jarvis and FIGURE 1. Schematic overview of different models and the main input parameters used in the Arctic.
McNaughton, 1986) and the Met Office Surface Exchange Scheme (MOSES) (Cox et al., 1999) , which include the canopy and soil water availability for modeling the carbon assimilation rate. These models use the multilayer approach, separating the canopy and soil into several layers exhibiting different properties. Rennermalm et al. (2005) used MOSES to model the net carbon exchange in a high arctic site in Greenland using a four soil layer approach, while Williams et al. (2000) successfully tested the SPA model in northern Alaska using a two-layer canopy approach. Other process-based models (right-hand column in Fig. 1 ) have been applied for regional Pan-Arctic estimates of present and future carbon exchange processes, and these demand even more input parameters.
As only limited knowledge about soil and hydrological conditions in Northeast European Russia is available at present, in this study we evaluate the canopy carbon dioxide exchange in combination with estimates of soil respiration derived from the generalized temperature function described by Lloyd and Taylor (1994) . This study focuses on the snow-free period from mid-May to the beginning of October. We recognize the importance of wintertime fluxes, because they can be substantial (Fahnestock et al., 1999; Bjorkman et al., 2010) , but wintertime fluxes in remote areas can be hard to ISABELL KIEPE ET AL. / 51 quantify. Therefore, the study period is restricted to the interval from early spring until late autumn.
We parameterized and tested the Collatz model for simulating the present-day net assimilation rate in the European Russian tundra, which covers an area of 232,000 km 2 (Zamolodchikov and Karelin, 2001) . For the parameterization, site-specific input parameters are required. One important input parameter is Rubisco capacity (V cmax ). This study benefits from the fact that the V cmax value was measured in situ on the representative plant species. The modeled CO 2 fluxes were compared to net ecosystem exchange (NEE) measurements obtained using the eddy covariance technique. We aim to identify the controlling parameters of net assimilation and to develop a tool for upscaling the results to a regional level. Furthermore, we attempt to analyze the temperature dependence in order to provide prospects for future carbon exchange mechanisms.
Material and Methods

SITE DESCRIPTION
This study was conducted in the discontinuous permafrost zone in the subarctic tundra of Komi Republic, Northeast European Russia. The measurement site was located near the village Seida (67Њ03′N, 62Њ56′E, 100m a.s.l.) (Fig. 2) .
Long-term average air temperatures for 1980-1999 from neighboring Vorkuta station (67Њ48′N, 64Њ01′E, 172 m a.s.l.) show a mean annual temperature in the region of ‫7.5מ‬ ЊC, with the coldest month being January ‫1.02מ(‬ ЊC) and the warmest July (12.8 ЊC). Long-term average precipitation records for 1980-1999 for Salekhard station (66Њ32′N, 66Њ36′E, 66 m a.s.l.) show an annual precipitation of 454 mm (data from Komi Republican Centre for Hydrometeorological and Environmental Monitoring).
The study site is a sedge-dwarf shrub tundra type, according Bliss and Matveyeva (1992) . Large parts of the landscape are shrub tundra dominated by Betula nana, Salix spp., and dwarf shrubs of heath species, Empetrum nigrum, Ledum palustre, and Vaccinium spp. (Table 1 ). The willow stands grow to a height of up to 1.5 m on low-lying parts of the landscape, which act as water drains in the partially frozen landscape. The remaining parts of the landscape are dominated by peat plateaus, thermokarst lakes, and narrow fens with high water tables, which surround the peat plateaus and thermokarst lake edges. The most characteristic vegetation in the fen is made up of Carex spp., Eriophorum spp., and mosses.
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(1) J E is the potential photosynthetic rate dependent on light:
where a is the absorptivity of the photosynthetic photon flux density (PPFD) for leaf material, ␣ is the initial slope of the light response curve, Q is the PPFD in mol m ‫2מ‬ s ‫1מ‬ , C i is the internal CO 2 pressure in Pa and ⌫ * is the compensation point in Pa. J C is the potential photosynthetic rate dependent on Rubisco capacity:
where V cmax is the maximum catalytic capacity of Rubisco per leaf area unit in mol m ‫2מ‬ s ‫1מ‬ , K c and K o are the Michaelis constant for CO 2 and the competitive inhibition constant for O 2 with respect to CO 2 in the Rubisco reaction. J S is the potential rate of export or utilization of the assimilated products and is proportional to the Rubisco capacity:
where C Js is a coefficient originally set to 0.5 (Collatz et al., 1991) . The temperature dependent parameters, i.e. , V cmax , K c , K o , and R ld , are scaled in accordance with Collatz et al. (1991) using the Q 10 approach. The Q 10 values were chosen according to Collatz et al. (1991) , except the Q 10 value for V cmax , which was taken from Soegaard and Nordstroem (1999) and Cox et al. (1999) (Table 2) .
In order to simulate realistic rates at high and low temperatures, a gradual temperature inhibition of V cmax at high temperatures (s1) and of J s at low temperatures (s2) is included (Alton and Bodin, 2010; Dang et al., 1998) . The dark respiration was calculated by:
where r is a scaling factor derived from leaf level estimates of R ld and V cmax (see below). The bulk stomatal conductance to water vapor per ground area unit (g sw ) is estimated using the Ball, Woodrow, and Berry model (BWB):
where A n is the net photosynthesis in mol m ‫2מ‬ s ‫1מ‬ , h s is the relative humidity at the surface of the leaf, C s is mole fraction of CO 2 at the surface of the leaf, and m and b are the slope and intercept of the BWB function, which can be obtained by linear regression analysis of data from gas exchange studies (Ball et al., 1987; Collatz et al., 1991) . A complete parameter list, including their temperature dependence, is shown in Table 2 .
The photosynthesis rate of the upper sunlit leaves (A l ) is scaled to the canopy (A n ) using a canopy factor:
where A l is the gross leaf photosynthesis rate, A n is the net photosynthesis rate of the canopy, and R ld is the dark respiration per unit leaf area, including the respiration that occurs during both day and night. ⌸ is the canopy factor describing the area of sunlit leaves per ground area unit using Beer's law of light extinction (Sellers et al., 1992) :
where LAI is the leaf area index, and k is the extinction coefficient (Kull and Jarvis, 1995) . The extinction coefficient relates to the solar elevation angle, ␤, by k ‫ס‬ 0.5/sin ␤ (Baldocchi, 1994) . In this model, we only consider the sunlit leaves, as the number of shaded leaves is small due to the low LAI.
EDDY COVARIANCE MEASUREMENTS
For the validation of the model, the modeled canopy net assimilation rates are compared to the measured fluxes from the eddy covariance technique. The net ecosystem exchange (NEE) between the surface and the atmosphere was continuously measured using the micrometeorological eddy covariance method (Aubinet et al., 2000; Baldocchi, 2003) . The system was set up with an R3 ultrasonic anemometer (Gill Instruments, U.K.) and an LI-7500 openpath (OP) CO 2 /H 2 O infrared gas analyzer (IRGA) (LI-COR Inc., U.S.A.) mounted at 3.95 m height on an extendable mast. The OP analyzer was tilted in a northern direction to minimize water coverage of the lower lens during rain events. Measurements were taken at a frequency of 10 Hz from 18 May until 6 October 2008. The raw data were processed using Alteddy software (version 3.5, Alterra, University of Wageningen, The Netherlands; http:// www.climatexchange.nl/projects/alteddy/), which is based on EU-ROFLUX methodology discussed in Aubinet et al. (2000) . The correction for artificial heating of the open-path system, as proposed by Burba et al. (2008) , was included in the calculation of the half-hourly NEE. A detailed description of the data processing and footprint modeling is given in Marushchak et al. (2012) .
The net assimilation rate (A nEC ) was estimated as:
where NEP is the net ecosystem production, which equals the negative NEE, as measured by the eddy covariance, R soil is the soil respiration, R ECO is the ecosystem respiration, determined during nighttime, and R d is the modeled canopy dark respiration. The respiration rates (R i ) were calculated using an Arrhenius type of function elaborated by Lloyd and Taylor (1994) :
where R 10,i is the respiration rate at 10 ЊC, T s is the soil temperature in ЊC at 5 cm, and i represents either ecosystem, soil, or dark respiration. The R 10 of the ecosystem respiration (R ECO ) was estimated from the nighttime fluxes measured by the eddy covariance as 2.7 mol m ‫2מ‬ s ‫1מ‬ , as described in Marushchak et al. (2012) . The area integrated R 10 of the dark respiration (R d ) was estimated from the leaf level measurements as 0.5 mol m ‫2מ‬ s ‫1מ‬ (see below). According to Equation (10), the R 10 of the soil respiration (R soil ) was calculated as 2.
SUPPLEMENTARY MEASUREMENTS
The development of the green leaf area index (LAI) was monitored using an LAI-2000 (LI-COR, Lincoln, Nebraska, U.S.A.) during the peak growing season (July-August). This was supplemented by spectral reflectance measurements in the red (F R ) and near infrared (F NIR ) part of the spectrum using a 2-channel spectrometer (Skye Instruments Ltd, Powys, U.K.). Using regression analysis, it was possible to determine the slope (c ‫ס‬ 0.28) and the offset (r 0 ‫ס‬ 1.5) in Equation (12) and thereby also estimate the 54 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH LAI outside the peak growing season, in accordance with Soegaard et al. (2000) :
To be able to upscale the LAI to landscape level, the level-4 MODIS global Leaf Area Index product was used as 8-day composites during the period from 8 May to 29 September 2008, at 1-km resolution (MODIS land product, Oak Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC, 2009).
The basic meteorological parameters were recorded at the study site for the duration of the whole measurement campaign in 2008 using a CR23X logger (Campbell Scientific, U.K.). The following parameters were measured at half-hour intervals: air temperature and relative humidity (Hygrometer MP100A, Rotronic, U.S.A.), soil heat flux (HFP01, Hukseflux Thermal Sensors, The Netherlands), net radiation (NR LITE, Kipp and Zonen, The Netherlands), photosynthetic photon flux density (PPFD) (LI-190, LI-COR, U.S.A.), precipitation (7852 Rain Collector II, Davis, U.S.A.) and wind speed (A100R, Vector Instruments, U.K.).
The leaf temperature was estimated as:
where H is the sensible heat flux in W m ‫2מ‬ measured by the eddy covariance technique, is the air density in kg m
‫3מ‬
, c p is the specific heat for air at constant pressure (1005 J kg ‫1מ‬ K ‫1מ‬ ), T a is the air temperature in K, and r abw is the total resistance to water vapor calculated according to Monteith and Unsworth (1990) . The photosynthetic response curves of net assimilation vs. light and internal CO 2 concentration (A/C i ) were measured by a portable photosynthesis system (LI-6400, LI-COR Inc., Lincoln, Nebraska, U.S.A.) (Table 2) . V cmax was estimated from the initial slope of the A/C i curves (Harley et al., 1992) and scaled to common temperature (25 ЊC; Leuning, 1997) .
Results
PARAMETERIZATION OF THE MODEL
The model requires a set of input parameters, which describe the leaf physiological parameters, such as Rubisco capacity (V cmax ), quantum use efficiency (␣), and scaling factor for R ld (r), leaf area index (LAI), and the meteorological conditions.
Leaf Physiological Input Parameters
For the description of the leaf physiological parameters, representative values for the study site were chosen from four measured species (Salix lanata, Salix phylicifolia, Carex aquatilis, and Rubus chamaemorus). The quantum use efficiency (␣) was found to vary between 0.06 and 0.09 mol CO 2 mol photon ‫1מ‬ . This can be compared to the values of 0.07 mol CO 2 mol photon ‫1מ‬ derived from the eddy covariance data. The scaling factor for R ld (r) was estimated as 0.035 for the four species, which lies in a similar magnitude to that reported in other studies (Miao et al., 2009; Rodeghiero et al., 2007) . The Rubisco capacity at 25 ЊC (V cmax25 ) was found to range from 27 to 51 mol m ‫2מ‬ s ‫1מ‬ among the four species. Taking the composition of the landscape into account, the (dwarf) shrubs/willow (Salix spp.) were the representative vegetation type, because they are the most abundant species. Even if landcover classes (willow and Betula nana heath) only cover 12% of the study site, the dwarf shrubs were found in most of the other land-cover classes. For this reason V cmax25 , representing the entire study area, was derived from two Salix species to 45 mol m ‫2מ‬ s
‫1מ‬
. The slope (m) and intercept (b) of the response of the stomatal conductance (g sw ) to the rate of net CO 2 uptake (A n ), relative humidity (h s ), and CO 2 mole fraction (C s ) of the air at the leaf surface were obtained from the leaf-level measurements [Equation (6)]. A linear regression analysis of the ambient measurement of the A/C i curves is shown in Figure 3 .
Leaf Area Index for Scaling from Leaf to Canopy
The MODIS LAI data were compared to the handheld LAI measurements, showing that values nearly doubled during the peak growing season. Additionally, we found that the satellite-derived LAI values also increased during early spring. The bud break of the deciduous shrubs was noted on 19 June. The re-greening of the evergreen dwarf shrubs was observed on 17 June. A similar increase of satellite-derived LAI prior to the bud break was made by Verbyla (2005) in Alaska, who attributed this artificial increase ISABELL KIEPE ET AL. / 55 to the snowmelt. In accordance with this, the LAI increase was delayed until 17 June through extrapolation of the measured LAI by the spectrometer. The last snow patches disappeared on 25 June, so the recalibrated MODIS data were used after that date. By combining the three methods, the development of the green LAI during the growing season was derived (Fig. 4) .
The daily midday extinction coefficient is around 0.7 until the end of July. After that, the extinction coefficient starts increasing, because the solar elevation angle decreases, leading to a longer path length through the canopy. The extinction coefficient continues to increase as the solar elevation angle decreases until it reaches a maximum value of 1.7 in the beginning of October. At that time, the sine of the solar elevation angle reaches half of its initial value in May, which equals a decrease from the maximum solar elevation angle of 46Њ in June to 17Њ in October. Comparable extinction coefficients were measured in arctic tundra ecosystems ranging from 0.9 during April and May in subarctic Canada (Bewley et al., 2007) and during July and August in a high arctic site in Greenland (Soegaard and Nordstroem, 1999 ) to 1.9 during July and August in a modeling study for tundra ecosystems (Shaver et al., 2007) .
Meteorological and Radiation Input Parameters
The seasonal variation of the meteorological input parameters of air, soil, and leaf temperature; photosynthetic photon flux density (PPFD); and relative humidity is shown in Figure 5 .
The measurements started on 18 May 2008 (DOY 139), when the half-hourly average air temperatures were mainly below 0 ЊC, and the landscape was partly covered in snow. The average soil temperatures at 2 cm depth remained negative until 27 May (DOY 148). After that, only nighttime soil temperatures reached 0 ЊC, while daytime soil temperatures approached 2-3 ЊC. From 10 June onwards, no negative soil temperatures were measured until 26 September (DOY 270). The daily temperature rose until the end of July, with a daily average maximum of 23 ЊC in the air and 24 ЊC at the leaf surface on 23 July (DOY 205). The soil temperatures in 5 cm depth reached a maximum value of 16 ЊC.
A maximum half-hourly PPFD value of 1300 mol m ‫2מ‬ s
‫1מ‬
was measured at the middle of July. Low PPFD levels (Ͻ50 mol m ‫2מ‬ s ‫1מ‬ ) only occurred in May and June during the period from 9:30 p.m. to 3:00 a.m. local summer time, when the midnight sun occurred.
SEASONAL AND DIURNAL COURSE OF MODELED NET ASSIMILATION
The net assimilation (A n ) was modeled using the parameters listed in Table 2 . The seasonal course of the modeled daily average A n (black), the measured A n as the sum of eddy covariance measurements (NEP) and the soil respiration (gray) are shown in Figure  6 . The daily averages were calculated only from those half-hour intervals when an original flux from the eddy covariance data was available to avoid artificial error being possibly introduced by the gap-filling procedure.
The comparison of the modeled and measured fluxes showed an overall good agreement of the daily average fluxes during the growing season, as the values are scattered around the 1:1 line (gray line in Fig. 6 [right] ). However, during early autumn, a difference between the modeled and measured fluxes was observed. By analyzing the diurnal course of the modeled A n , we found that, especially during that period, the fluxes were often excessively limited 
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by the export (J s ), leading to an underestimation of the modeled A n compared to the measured A n . For this reason, the scaling factor for export limitation (C Js ) was increased from 0.5 to 1. This modification weakened the influence of the limitation of the assimilation due to the removal of assimilates and thus increased the modeled A n . A similar approach was taken in other northern latitude studies (Dang et al., 1998; Soegaard and Nordstroem, 1999) . This change led to a decrease in root square mean error (RSME) from 1.68 mol m ‫2מ‬ s ‫1מ‬ to 1.49 mol m ‫2מ‬ s ‫1מ‬ , because the underestimation in autumn decreased (Fig. 7) . A statistical t-test demonstrated that the slope of the regression line with 0.9 differs significantly from 0, but not from the 1:1 line (t ‫ס‬ 4.3). Taking these aspects into account, the net carbon assimilation for a heterogeneous tundra ecosystem can be adequately simulated using the Collatz model. As shown in Figure 8 , the modeled cumulative A n amounts to 306 g C m ‫2מ‬ over the measurement period from mid-May to the beginning of October. The measured cumulative A n is 31 g C m ‫2מ‬ lower, with the largest deviation from the model during the start of the growing season, but both curves feature the same slope. For further examination of the model, four evenly distributed days were chosen to demonstrate the diurnal course of the measured and modeled A n . Figure 9 shows the fluxes together with the three limiting rates on 22 June, 23 July, 23 August, and 10 September 2008. It is evident that during nighttime, light was the limiting factor of the fluxes, whilst during daytime, Rubisco capacity gained in importance as the limiting factor. On 22 June, 23 July, and 10 September, the CO 2 fluxes were limited only by the Rubisco limited rate (J C ), whereas the fluxes on 23 August were limited by both Rubisco (J C ) and light (J E ). The weakening of the influence of the export limitation (J S ) restricted the flux only as a co-limitation, e.g., on 22 June in the morning.
A sensitivity test was conducted on the modeled half-hourly fluxes for the input parameters LAI, leaf temperature, and Rubisco capacity (V cmax ), while other parameters were unchanged and set to a PPFD of 1150 mol m ‫2מ‬ s ‫1מ‬ , a relative humidity of 70%, and the extinction coefficient of 0.7 (Fig. 10) . For all three parameters, A n shows a distinct response. The V cmax has the greatest potential for an increase in A n , because A n almost doubles when doubling the V cmax to 90 mol m ‫2מ‬ s ‫1מ‬ . A n also almost doubles when LAI is increased from 0.5 to 1, but subsequently increases less with higher LAI. The temperature exerts a positive influence ISABELL KIEPE ET AL. / 57 on the assimilation at first, but at high temperatures, above 30 ЊC, the modeled rates decrease due to the high-temperature constraints.
NET ECOSYSTEM CARBON DIOXIDE EXCHANGE IN THE CONTEXT OF CLIMATE CHANGE
For the evaluation of future carbon balance, the Collatz model was used for the simulation of A n at variable air and soil temperatures and a higher atmospheric CO 2 concentration. The air and soil temperatures were changed in 2 ЊC intervals from 4 ЊC below to 6ЊC above 2008 levels, while the atmospheric CO 2 concentration was increased to a value of 470 ppm (according to the recent growth rates and concentrations from http://www.esrl.noaa.gov/gmd/ccgg/ trends/). It was assumed that a temperature increase would affect the soil and air temperature equally. All other meteorological conditions, such as precipitation, radiation, and relative humidity, remained the same as in the year 2008. Only the length of the growing season was adjusted, as a temperature change results in a longer growing season. In order to estimate the prolongation, we calculated the growing season according to the sum of days exceeding 5 ЊC on five consecutive days. This temperature threshold was previously applied in the Arctic by Groendahl et al. (2007) and Aurela et al. (2001) . By increasing the air temperature, the length of the growing season extended on average by 3 days per 1 ЊC temperature increase.
The model showed that this ecosystem accumulates 58.1 g C m ‫2מ‬ from mid-May to the beginning of October. The contributing fluxes include 305.6 g C m ‫2מ‬ net assimilation and 247.5 g C m
‫2מ‬
carbon loss through soil respiration. When soil and air temperatures rise, the Collatz model predicts that both net assimilation and soil respiration rates will increase (Fig. 11) . But as the soil respiration rates increase faster than the net assimilation rates, the carbon budget turns from sink to source, when temperatures rise more than 2 ЊC at current atmospheric CO 2 concentrations. The enhanced carbon loss is further facilitated as the simulated net assimilation rates cease to increase due to the high temperature inhibition of the photosynthesis. This restriction of the photosynthetic gains is important due to the relatively high summer temperatures experienced in continental arctic Russia.
Considering the present rate of increase in atmospheric CO 2 , higher CO 2 concentrations are likely to accompany future temperature increases. When the ecosystem is not limited by nutrients (nitrogen or phosphorus), the CO 2 fertilization due to the higher CO 2 concentrations increases net assimilation rates, counteracting the enhanced losses due to the initial temperature increase. At higher CO 2 concentrations, the change from sink to source occurs beyond a temperature increase of 4 ЊC. 
Discussion
MODELING THE NET ASSIMILATION RATE OF A HETEROGENEOUS TUNDRA
This study shows that the net carbon assimilation A n amounted to 306 g C m (Table 2 ). The only necessary change was to weaken the export limitation, especially at cold temperatures, be-FIGURE 11. Carbon budget for the period from midMay to beginning of October, with different temperatures and atmospheric CO 2 concentrations, separated into (a) net assimilation (A n ) and soil respiration (R soil ), and (b) combined to net ecosystem exchange (NEE).
cause we detected a systematic underestimation of the measured fluxes by this limitation. This might indicate that the translocation of the assimilates exerts a minor limitation, as demonstrated in models presented by Haxeltine and Prentice (1996) and Sitch et al. (2003) . These models are able to simulate the assimilation rates considering only the light and Rubisco limitation processes.
The evaluation of the modeled fluxes also shows that the Rubisco capacity (V cmax ) is an important limiting factor for determining A n . During the peak growing season, comprising July and August, 68% of the daytime fluxes were limited by the Rubisco capacity, whereas the remaining 32% were light limited. The influence of the export limitation was weakened, as discussed above, and thus exerted only marginal constraints. Consequently, V cmax might have a significant influence on the magnitude of the net assimilation. Only sparse V cmax data are available for arctic species. The V cmax25 of 45 mol m ‫2מ‬ s ‫1מ‬ , determined in this study by leaf gas exchange measurements, is found to be of a similar magnitude as found in other arctic studies, as summarized in Table 3 . Due to the wide range of values for Rubisco capacity, the representative value for Fen, Greenland Rennermalm et al., 2005 7-131 Global scale Wullschleger, 1993 ISABELL KIEPE ET AL. / 59 the study area might be altered, affecting the net assimilation, when the composition of the plant species changes substantially. Despite the good agreement between the modeled and measured daily values, there are discrepancies that reflect potential bias in the measurements and the model. The comparison shows that, during spring, the model overestimates the measured fluxes, accumulating to a difference of ca. 31 g C m
‫2מ‬
. The opposite was found in August, when the model underestimates the measured fluxes. These discrepancies can either be attributed to the measurements or the model, or a combination of both.
The model might introduce bias due to its parameterization, leading to the noted overestimation in spring and the underestimation in August. There are three possible reasons for the overestimation in spring. The biochemical parameters, such as V cmax , might exhibit a seasonal course, starting with lower values during spring, increasing to larger values during peak growing season, and subsequently decreasing again. This seasonal pattern of V cmax was found through inverse modeling in boreal forests (Thum et al., 2008) and might lead to an overestimation of the measured fluxes when using a constant V cmax value. Dang et al. (1998) demonstrated that a single mid-growing-season parameterization gave reasonable results, but the correlation coefficient was improved by including the seasonal variation. In this study, an introduction of a seasonal course would improve the model in the beginning of the growing season, but would increase the discrepancy in autumn by further reducing the modeled flux.
Another reason might be related to the estimation of the LAI. Using a combination of satellite data, spectrometer, and optical measurements, the LAI value reached ‫3.1מ1.1‬ during the peak growing season. Other studies in the Arctic have found LAI values similar to this study (Table 4) . Compared to the LAI-2000 measurements, the MODIS-derived LAI was twice as high, which made a recalibration necessary.
Besides the peak value of the LAI, the start of the increase in LAI, in particular, governed A n . Even if the meteorological conditions would allow photosynthesis in the model, the LAI has to be greater than 0 to simulate the carbon uptake at canopy level. However, during the start of the growing season, in particular, LAI estimates are challenging, because direct measurements using the LAI-2000 were not feasible, and the satellite-derived LAI might lead to an artificial increase due to snowmelt as shown by Verbyla (2005) . This leads to an uncertainty of the timing of the vegetation growth, which might contribute to the earlier start of the modeled carbon assimilation compared to the measured values.
A third reason might be related to overestimation of soil respiration rates, resulting in larger measured net assimilation rates. Water saturated soil conditions in spring might limit the oxygen transport in the soil column and thus the aerobic decomposition (Hobbie et al., 2000) . This might result in a lower actual soil respiration rate than the rate calculated from Equation (9), and thus lower measured A n by the EC technique.
In contrast to the overestimation in spring, the model underestimates the measured fluxes in August in particular. The monthly average air temperature in August was 9 ЊC, with daily air temperatures ranging from 6 to 15 ЊC. This was significantly colder than July, with daily air temperatures ranging from 12 to 23 ЊC and a monthly average of 16 ЊC. The underestimation of the measured fluxes could be caused by the fact that the photosynthesis may not be as constrained at low temperatures as previously assumed. The original model setup includes a cold temperature inhibition in the export limitation (J s ). We already adapted this constraint by weakening the influence of J s and lowering the cold inhibition temperature (s2) from 15 to 0 ЊC. This improved the model by decreasing the RSME from 1.68 mol m ‫2מ‬ s ‫1מ‬ to 1.49 mol m ‫2מ‬ s ‫1מ‬ , but did not fully solve the discrepancy. A similar observation was made Williams et al. (2000) . They were also able to improve the model by adjusting the low temperature inhibition to the extent that the photosynthetic rates were kept at 95% of their maxima at 5 ЊC.
CARBON BUDGET UNDER A CHANGING CLIMATE
The mean annual air temperature is likely to increase up to 7 ЊC in arctic Russia by the end of this century (ACIA, 2005) . The simulations with increasing air and soil temperatures showed how fragile this ecosystem is and how changes in temperature can weaken the sink strength or even turn the ecosystem into a carbon source. Under present-day meteorological and leaf physiological conditions (Fig. 5) , the net assimilation will still be enhanced when the air temperature increases by 2 ЊC. As the net assimilation operates close to its optimum temperature, the biological activity would become restricted with further temperature increases, which was demonstrated in the sensitivity test. Over a longer period a temperature increase could lead to a shift in optimum temperature, as plants are able to adapt to changes in growing temperature (Sage and Kubien, 2007) . The ability of shifts in the optimum temperature on the ecosystem level was demonstrated for subtropical to boreal ecosystems and related to temperature acclimation of gross ecosystem production (GEP) (Niu et al. 2012) . A higher acclimation potential due to a wider range of temperature variability was found in northern populations of trees relative to their southern counterparts (Ghannoum and Way, 2011) . This thermal acclimation would delimit the high-temperature inhibition, enabling the net assimilation rates to counterbalance the respiratory losses even at higher temperatures.
Generally, experimental warming studies (e.g. Welker et al., 2004; Oberbauer et al., 2007) or model projections (e.g. Sitch et al., 2007; Qian et al., 2010) indicate a greater increase in net primary production or GEP than in R ECO in the Arctic. The increase in GEP is mainly caused by an increase in green biomass (Marchand et al., 2004 ) and more favorable temperature conditions (Callaghan et al., 2004) . The response of GEP to warming can also be related to a latitudinal gradient (Oberbauer et al., 2007) . They found that the smallest response of GEP to warming was in the southern part with higher temperatures. Considering that our study site is also experiencing relatively high temperatures during the growing season (Fig. 5) , it seems plausible that the response to warming is less pronounced than in studies in the High Arctic (e.g. Welker et al., 2004; Marchand et al., 2004) .
Additionally, increasing temperatures will not only lead to a longer growing season, which is positively related to carbon uptake (Lund et al., 2010; Groendahl et al., 2007) , but might also introduce vegetation changes (Elmendorf et al., 2012) . Observations based on satellite data and photographs taken during the last few decades show that this change has already started in the transition zone between taiga and tundra. An increase in normalized difference vegetation index (NDVI), visible as a ''greening'' of the tundra, has been observed in the circumpolar Arctic (e.g., Sturm et al., 2001; Forbes et al., 2010 , Myers-Smith et al., 2011 and attributed to the expansion or increase in the height of shrubs, or both these factors, manifested in a larger LAI (Walker et al., 2006; Raynolds et al., 2008) . Even though this model does not include a dynamic response of the carbon exchange process to changes in carbon and nitrogen pools, the sensitivity test indicates the ecosystem's potential to assimilate carbon. When running the existing model with double the LAI values, keeping all other parameters at present-day values, the net carbon uptake would increase from 306 g C m
‫2מ‬
to 477 g C m ‫2מ‬ .
The warming experiments and model projections (e.g. Sitch et al., 2007; Qian et al., 2010) agree that the R ECO will increase with rising temperatures. This is primarily caused by the exponential temperature dependence (Lloyd and Taylor, 1994) , but also through unlocking carbon stored from the permafrost ). The effect of warming is further influenced by changes in the hydrology. Drier sites reacted more than wet sites (Oberbauer et al., 2007) . Thus, a great uncertainty remains regarding the future hydrological regime in the study area, which will determine the increase in R ECO . Under present hydrological conditions, an increase of R ECO is projected, which is not constrained by oxygen-limited conditions.
Thus, if all other conditions were stable, this ecosystem would turn from a sink into a source with only a small increase in temperature. However, due to the changes, e.g. in plant composition and stature and hydrology, the response will be more complex.
Conclusion
The great advantage of the Collatz model compared to the complex process-based model is the relatively simple parameterization (Table 2 ). This study showed that, despite being a heterogeneous ecosystem, the model was able to simulate the fluxes using a single parameter set. The leaf area index (LAI) and the Rubisco capacity (V cmax ) were identified as two important parameters for modeling carbon dioxide exchange on a canopy scale. It was also shown that a constant value of V cmax was able to capture the variation in A n during the growing season. Furthermore, V cmax is found to be a robust measure (45-62 mol m ‫2מ‬ s ‫1מ‬ ) for arctic ecosystems (Table 3) . This study provides a tool for scaling carbon fluxes to a larger area, such as the European Russian tundra. The combination of a constant V cmax and regional satellite-based LAI values facilitates the upscaling of carbon exchange to a regional scale, where care should be taken that the satellite data should be validated against ground truth data in order to avoid possible errors.
Furthermore, this study showed that European Russian tundra is close to its optimum temperature with regards to carbon accumulation rates. At present, the net assimilation is greater than the respiration, leading to a net accumulation of 58 g C m ‫2מ‬ during our model period from mid-May to the beginning of October. This net gain becomes even smaller when considering the cold season respiratory losses used to calculate an annual budget. With increasing temperatures, the photosynthesis is predicted to become restricted by the high temperatures, exerting a strong limitation on the carbon uptake if no long-term acclimation occurs. The respiration, on the other hand, is predicted to be enhanced with increasing temperatures. Under these conditions, the European Russian tundra might turn into a net carbon source with rising temperatures. However, future changes in vegetation composition and growth along with acclimation to the new thermal regime might enhance carbon assimilation. The future carbon balance will depend on whether or not the increase in assimilation will be able to keep up with the increase in soil respiration.
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